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Abstract. A 5-layer laminate composite was produced by roll-bonding
at room temperature of a stacking of ARMCO steel and commercial
purity aluminum alloy (AA1050). The large rolling draught led to het-
erogeneous deformation across the thickness of the layered aggregate,
which was investigated using finite element modeling. The evolution of
microstructure and crystallographic texture was probed using EBSD.
Intense localized shear inside the AA1050 layers gave rise to continuous
recrystallization, whereas a rolling texture developed in the adjacent iron
layer. Both were reproduced using crystal plasticity modeling.
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1 Introduction

Roll bonding of metal sheets with contrasted mechanical properties may result
in high-performance layered composites e.g. [1,2]. The plastic anisotropy of such
composite metal sheet depends on the crystallographic texture development of
its constituents, which in turn is influenced by internal stresses building up due
to the prescribed co-deformation of adjacent layers [1]. The roll-bonding process
typically requires a large reduction (∼50%) of the sheet thicknesses in a single
rolling pass, thus involving significant microstructural changes.

If the diameter of the rolls is either much smaller or much larger than the
sheet thickness, the rolled sheet undergoes heterogeneous deformation even if
it is made of a single material. Both the roll-gap geometry and the friction
of the sheet with the rolls may give rise to significant shear parallel to the
rolling plane, resulting in a gradient of texture across the sheet thickness [3–
8]. The deformation process fulfils orthotropic symmetry only along the sheet
mid-thickness

The present work investigates across-the-thickness strain heterogeneity
within roll-bonded multi-laminates made of commercially pure iron and alu-
minium. The preparation of samples and their characterisation via EBSD are
presented in Sect. 2. Experimental observations are then compared to numerical
simulations. This involves both the finite element modelling of a rolling pass and
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crystal plasticity predictions of the texture development (Sect. 3). Results are
discussed before reaching the conclusion.

2 Preparation and Characterisation of Roll-Bonded
Samples

Two common metal grades were selected for the present work. With a yield stress
of 75 MPa and a UTS of 120 MPa the 1050 aluminium alloy sheets were about
three times softer than the sheets made of ARMCO steel (σyield = 250 MPa
and σUTS = 300 MPa). Before being stacked and roll-bonded, both metals had
equiaxed grains and a very weak crystallographic textures.

The roll-bonding proceeded in two steps, using a laboratory cold-rolling mill.
The diameter of the rolls was 112 mm. The first rolling pass was applied to a
stacking of two 0.4 mm-thick AA1050 sheets separated by a single 0.8 mm-thick
iron sheet. The total thickness was reduced to 0.62 mm, which corresponds to
61% thickness reduction. Then, two 0.2 mm-thick iron layers were added on either
side of the 3-layer composite sheet. The second rolling pass reduced the total
thickness to 0.62 mm, which corresponds to an extra 39% thickness reduction.

All to-be-bonded surfaces were preliminary degreased in Acetone and brushed
with a 0.3 mm diameter wire-brush in order to remove a the oxide layer. Between
the two rolling passes, the 3-layer composite was held at 500 ◦C during 30 min,
which allowed annealing the AA1050 sheet.

Due to the strength contrast, it was a real challenge to prevent relative motion
of the sheets at the entrance of the roll gap. Successful bonding was achieved
by preliminary folding of the AA1050 sheet around the iron (pass 1) or the iron
sheet around the three-layer stacking (pass 2). Figure 1 illustrates the successive
folding steps before pass 1.

Fig. 1. Before the first rolling pass, the aluminium sheet is folded around the iron sheet
to prevent relative motion, which would impede bonding.
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Optical microscopy observation of the sheet longitudinal cross-section (Fig. 2)
confirmed balanced co-deformation of the two metals and uniform thickness
reduction in all layers. A thin oxide film at the interface (not fully eliminated
after the inter-pass heating) did not impede successful bonding.

Fig. 2. Microstructural characterization based on optical microscopy and EBSD. The
coloring of orientation maps is according to the ND-IPF. The 〈111〉 pole figures show
the textures developed in the Fe and AA1050 layers.
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The crystallographic texture was probed within each layer using electron
back scatter diffraction (EBSD). This required prior polishing using SiC up to
grid 1200 followed by diamond suspension up to 1 µ and OPS. The orientation
maps are colored according to the inverse pole figure (IPF) of the normal to the
rolling plane (ND). The iron layer located at the sheet mid-thickness (left on the
figure) shows elongated grains and a texture which is typical of cold rolling. The
pole figure of the external layer made of iron does not show a clear texture. This
layer was added after the first rolling pass and it was hence less deformed than
the central layers. The aluminum layer shows a refined equiaxed microstructure.
The high indexation rate in the close-up EBSD scan is indicative of continuous
recrystallization [9].

3 Numerical Modeling

Finite element modeling allowed simulating the heterogeneous deformation of the
sheets inside the roll gap. The Abaqus/Standard (d’Assault Systèmes, France)
commercial code was used. As illustrated in Fig. 3, the simulations were per-
formed in 2D, assuming plane strain, and the rolling mill was considered as
infinitely stiff. Based on [10], the friction coefficient was set equal to 0.3.

Fig. 3. Heterogeneity of shear (RD-ND component of the deformation gradient tensor)
across the half-thickness of the rolled shear. The broken line on the top is the (cylin-
drical!) rolling mill having a diameter ∼100 times larger than the sheet thickness. The
half-thickness shows (a) only Fe (b) one AL1050 layer and two Fe layers.
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The sheet thickness was reduced from 1.02 mm to 0.62 mm, corresponding to
the second rolling pass in the experiment. Conforming to the laboratory exper-
iment, the rolling draught was large, i.e. the contact length (between roll and
sheet) was more than ten times larger than the (aggregate) sheet thickness. The
half sheet-thickness was represented by 31896 quadrilateral first order elements.

Two variants of the simulation were carried out. In the first case, we assigned
to all finite elements the Armco Iron properties (thus corresponding to traditional
rolling). In the second case, a layer of finite elements were assigned properties
corresponding to AA1050. The laminated structure then corresponded to the 5-
layer samples which had been roll-bonded in the laboratory. The bonding itself
was not simulated: the interface between the two materials was tied from the
onset of the simulation. In the FE simulation, the material response was consid-
ered isotropic (J2 elasto-plasticity) with a power-law hardening law. As shown
in Fig. 3, when the aluminium layer is present, the shear deformation due to
the contact with the rolls tends to be concentrated within the aluminium layer
instead of spreading across the whole sheet thickness.

Crystal plasticity (CP) theory then allowed predicting the development of
texture corresponding to the strain heterogeneity predicted by FE across the
sheet thickness. Dislocation slip occurred along {111} 〈110〉 slip systems in the
AA1050 layer (fcc), whereas the {110} 〈111〉 and {112} 〈111〉 systems were active
in Fe (bcc). The power-law strain hardening maintained an identical critical
resolved shear stress (CRSS) on all slip systems. The initial random texture was
represented by 1000 grains which were considered to interact in pairs according
to the ALAMEL model [11–13]. In Fig. 4, the simulated textures are presented
in the form of 〈111〉 poles figures similar to those presented in Fig. 2. The surface
layer made of iron was disregarded as the experimental texture was very weak. In
order to check the effect of intense localized shear in AA1050, the simulation of
the AA1050 texture was performed twice: either with or without RD-ND shear
superimposed to the 75% thickness reduction under plane strain.

Fig. 4. 〈111〉 poles figures predicted in the central Fe layer (a) and in the AL1050 layer
when either using the strain predicted by FE (b) or suppressing the RD-ND shear (c).
The contour levels are 0.5/1/1.5/2/5.
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The orientation distribution function (ODF) allows a more accurate compar-
ison of the predicted textures to the experimental ones. After rolling of cubic
metals, the most relevant information lies in the ϕ2 = 45◦ section of the ODF.
Figure 5 confirms that crystal plasticity theory provides valid predictions of the
texture development in the central Fe layer and in the AA1050 layer on the
condition that localized shear within the latter layer is accounted for.

Fig. 5. ϕ2 = 45◦ section of the ODF allowing a quantitative assessment of the exper-
imental (a) and predicted (b) textures in the central Fe layer. The experimental (c)
texure in AA1050 is compared to predictions which either use the strain predicted by
FE (d) or suppress the RD-ND shear (e). The contour levels are 0.5/1/2/4/8.
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4 Discussion

Orientation mapping (based on EBSD measurements) is a powerful experimental
technique which allowed us to probe both the texture and the microstructure in
the different layers of the multilaminate (Fig. 2). However, the technique does not
provide direct measurements of the microscopic strain field (unless it is combined
with DIC e.g. [14]).

The present work demonstrates the possibility to assist the interpretation
of EBSD by relying on numerical modeling (FE and CP). It is only through
the combined use of all techniques that we are able to confirm that the AA1050
layer underwent intense shear, causing continuous recrystallization as well as the
development of an unconventional texture after cold rolling.

Numerical models also provide estimates of the level of internal stresses,
which are at the origin of damage, as well as the plastic anisotropy at the poly-
crystalline scale. Investigating this in the Fe-Al multilaminate is still ongoing.

It is noteworthy that CP modeling was carried out here in post-processing of
the FE modeling which had assumed isotropic mechanical response. This sounds
valid because the strain path inside the roll gap is not likely to depend much on
plastic anisotropy. When modeling other metal forming processes, such as press
forming of metal sheets, a direct micro-to-macro modeling is advisable e.g. [15].

5 Conclusions

– Folding one sheet around the other prior to roll-bonding allowed achieving
the production of a 5-layer multilaminate made of ARMCO iron and AA1050.

– The central Fe layer developed a conventional cold rolling texture whereas
texture development was slower in the surface Fe layer.

– EBSD measurements in the AA10150 layer revealed a highly refined and
equiaxed microstructure, which is indicative of continuous recrystallization.

– According to FE simulations, the soft AA1050 layer hosted intense shear
parallel to the rolling plane.

– The comparison of experimental textures to the predictions of CP modeling
allowed us to convincingly link the EBSD observation of the different layers
to the through-thickness strain heterogeneity predicted by FE modeling.
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